I. INTRODUCTION
DUE to their high melting point and relatively low density, Nb-Si-based alloys are promising novel materials for high-temperature structural applications. [1, 2] Unfortunately, good mechanical strength and oxidation resistance at elevated temperatures, as well as sufficient fracture toughness at ambient temperature, are difficult to achieve simultaneously in a satisfactory manner, as the improvement of one property usually comes along at the expense of the other. This challenge may be met by e.g., combining different phases with complementary properties in a fine eutectic microstructure. For example, in the Nb-Si binary system, the binary eutectic Nb18Si (in at. pct) showed a combination of high creep strength subsequent to directional solidification [3] with reasonable fracture toughness [4] due to the presence of the silicide and Nb solid solution (Nb ss ), respectively. However, this alloying system did not provide acceptable oxidation resistance, as the bulky, porous and nonadherent oxide Nb 2 O 5 is formed. Hence, further alloying additions are necessary to suppress the formation of Nb 2 O 5 . For example, Ti, Al, Sn, and Cr are known to increase the oxidation resistance. [5] [6] [7] [8] However, only the system Nb-Si-Cr features a Nb-rich ternary eutectic as a prerequisite for later directional solidification.
For this reason, the model system Nb-Si-Cr was selected, where Cr is added to mainly improve the oxidation resistance, by replacing the fast forming, bulky, non-adherent oxide Nb 2 O 5 by dense, adherent CrNbO 4 scales. [9] Si is known to improve the creep properties by formation of silicide phases while Nb solid solution (Nb SS ) provides suitable fracture toughness. However, a literature survey reveals contradictory information on the exact composition of the ternary eutectic in this system. In 2005, Shao calculated the ternary eutectic composition to be Nb-12Si-25Cr [10] (in at. pct) using CALPHAD. In contrast, Bewlay et al. experimentally assessed the Nb-Si-Cr system in 2009 to determine the ternary eutectic composition to be close to Nb-8.7Si-33.1Cr. [11] Therefore, the exact location of the ternary eutectic is critically reviewed in this study with samples of different appropriate alloy compositions produced by arc melting. The identified composition of the ternary eutectic is thoroughly assessed in terms of phase evolution, as well as microstructure and phase stability. Moreover, the creep behavior at the potential operating temperature of 1473 K (1200°C) is assessed.
II. EXPERIMENTAL
To determine the ternary eutectic composition, different alloys were synthesized from elemental granules (Cr, purity 99.0 wt pct; Si purity 99.9999 wt pct) and slug (Nb, purity 99.8 wt pct) using an arc melter AM/0.5 (Edmund Buehler GmbH, Hechingen, Germany) with tungsten electrode. Chemical analysis of cast ingots (mass 30 g) was carried out by means of inductively coupled plasma optical emission spectrometry (ICP-OES). For heat treatments and microstructure examinations, the ingots were cut into smaller pieces using electro discharge machining. Heat treatments were performed in a high-temperature furnace Gero HTRH 70-600/18 (Carbolite Gero GmbH, Neuhausen, Germany) under Ar atmosphere. Metallographic samples were hot-mounted in "Duroplast" resin (ATM GmbH, Mammelzen, Germany) using a Simplimet 1000 (Buehler, Lake Bluff, IL, USA), prior to grinding using SiC paper with successively decreasing particle size and finally polished with a diamond suspension. To prepare samples for electron backscatter diffraction (EBSD), two additional semiautomatic polishing steps with both non-crystallizing, pH-neutral OPS (10 minutes) and alkaline stabilized OPS (1 minute) were performed to remove remaining surface-near plastic deformation by the prior polishing steps.
The microstructure was examined using an SEM EVO 50 (Carl Zeiss AG, Oberkochen, Germany) in backscattered-electron mode (BSE) to reveal the different phases. Phase fractions (vol pct, as material is expected to be isotropic) were determined on at least five SEM-BSE images each using the software ImageJ for quantitative image analysis by threshold segmentation. Local phase compositions were determined applying electron probe micro analysis (EPMA). Either the aforementioned SEM was used for standardless energy-dispersive spectroscopy (EDS) measurements or a SEM JEOL JXA-8100 (JEOL GmbH, Freising, Germany) was employed for wavelength-dispersive spectroscopy (WDS) measurements using the standards J13_Cr, J13_Si, J13_ZrO 2 , and 9033Nb. EBSD was performed using an EDAX DigiView camera on a Zeiss Auriga 60 SEM (Carl Zeiss AG, Oberkochen, Germany). For analysis of the determined EBSD patterns, a commercial software provided by EDAX was used. Creep tests on cuboidal samples (size 3 mm 9 3 mm 9 5 mm) were performed in compression in an electro-mechanical universal testing machine Zwick Z100 (Zwick GmbH, Ulm, Germany) with attached vacuum furnace (Maytec GmbH, Singen, Germany) at constant true stress at 1473 K (1200°C) in vacuum. All creep experiments were terminated before failure of the samples.
III. RESULTS AND DISCUSSION
A. Determination of the Ternary Eutectic Figure 1 compares the microstructures of the two different ternary eutectic compositions suggested in the literature. [10, 11] It becomes obvious that Nb-12Si-25Cr [ Figure 1 (a)] is not a ternary eutectic, as a significant amount of primary solidifying Nb ss (light-gray phase, phase fraction (25.1 ± 3.2) vol pct) is located between a subsequently solidified two-phase eutectic microstructure. According to EDS measurements, this eutectic consists of Nb ss and a ternary silicide phase in the compositional range of Nb 9 (Si,Cr) 5 (gray phase). However, at equilibrium, α-Nb 5 Si 3 silicide is expected according to calculations by Shao. [10] The determined Nb 9 (Si,Cr) 5 silicide composition matches quite well with the one reported by Bewlay et al. for the phase present in the vicinity of the ternary eutectic. [11] This mismatch between calculation and experiment might be due to an incomplete Calphad database, in which the ternary silicide has not been implemented. Despite of some Crrich segregations (dark-gray phase), no other phases are detectable in Figure 1(a) .
In contrast, the second proposed composition Nb-8.7Si-33.1Cr, shown in Figure 1 This ternary phase does not correlate with the compositional range of Nb 9 (Si,Cr) 5, as its chemical composition was determined to be (50.2 ± 0.5) at. pct Nb,(15.2 ± 0.2) at. pct Si and (34.6 ± 0.3) at. pct Cr, which does not match with any known phase in the NbSi-Cr system. However, the identification and the study of this unknown phase are beyond the scope of the present study and will not be addressed hereafter. Therefore, Nb-8.7Si-33.1Cr is also not the exact ternary eutectic composition. To reduce the gap between literature results and experiments regarding the ternary eutectic composition, a triangulation scheme was carried out by examining compositions in the vicinity of Nb-8.7Si-33.1Cr. Starting from this composition, either the Si or Cr content was varied to achieve primary solidification of either Nb ss or Cr 2 Nb. The examined compositions are given in Table I and are additionally plotted in the partial liquidus projection in Figure 2 . Comparison between nominal composition and actual composition reveals no deviation within the range of the measurement uncertainty (standard deviation SD ≤ 0.4 at. pct for Si, and SD ≤ 0.45 at. pct for Cr). For this reason, only nominal compositions will be used in the following.
The microstructures of Alloys 1 (Nb-8.7Si-33.1Cr) and 2 (Nb-12Si-25Cr) have already been discussed. For Alloy 3 (Nb-8.7-22Cr), Nb ss primary solidification is expected. Indeed, growth of Nb ss primary dendrites (white phase) is visible in Figure 3 (a) with a phase fraction of (36.6 ± 2.2) vol pct. Moreover, ternary eutectic is present, comprising Nb ss , Cr 2 Nb, and Nb 9 (Si, Cr) 5 . The expected binary eutectic, which according to Figure 2 should consist of Nb ss and Nb 9 (Si,Cr) 5 , cannot clearly be separated from the ternary eutectic. Occasionally, binary eutectic structures of Nb ss + Cr 2 Nb and Cr 2 Nb + Nb 9 (Si,Cr) 5 can be observed, which are not likely to form along the expected solidification path in equilibrium and may be attributed to segregation effects during solidification.
Conversely, Alloy 4 (Nb-12Si-33-1Cr) is expected to solidify from the Cr 2 Nb phase region. This feature is confirmed in Figure 3(b) , where Cr 2 Nb dendrites (black phase) are identified, having a phase fraction of (23.6 ± 0.6) vol pct. Adjacent to primary dendrites, the binary eutectic Nb ss + Cr 2 Nb is formed. Subsequently, the remaining melt solidifies by formation of ternary eutectic cells.
To determine the chemical composition of the ternary eutectic, EDS area scans of eutectic cells have been performed on Alloys 3 and 4. Exemplarily analyzed regions are marked by red circles in Figure 3 . Quantitative results for these scans are given in Table II . The compositions for eutectic cells in both alloys are very similar. Accordingly, the "true" ternary eutectic composition has been approximated as Nb-10.9Si-28.4Cr. This seems to be confirmed by the micrographs in Figure 4 , where the microstructure of an alloy with actual composition of Nb-10.8Si-28.8Cr consists almost entirely of ternary eutectic cells. Within these cells, the silicide phase Nb 9 (Si,Cr) 5 forms a discontinuous matrix (phase fraction (67.7 ± 4.2) vol pct), which is clearly underlined by Figure 4 (c) and orientation analysis that reveal uniform orientation of Nb 9 (Si,Cr) 5 within the colonies. Between this silicide matrix, Nb ss and Cr 2 Nb grow in a coupled manner with phase fractions of (14.6 ± 4.7) vol pct and (17.7 ± 4.9) vol pct, respectively. Distributed along the cell boundaries, coarse regions of Nb 9 (Si,Cr) 5 and the binary eutectic Nb ss + Cr 2 Nb are present, which must have solidified before the ternary eutectic. As this slightly off-eutectic solidification occurs along the cell boundaries, the ternary eutectic composition was double-checked within the cells and the composition Nb-10.9Si-28.4Cr was confirmed. Chemical compositions of each individual phase were measured using WDS on the coarse regions. The results are given in Table III . The actual chemical composition of Nb ss is in good agreement with previously published solubility limits of Si (2.4 at. pct) and Cr (16.0 at. pct) in an isothermal section at 1773 K (1500°C) of the Nb-Si-Cr system. [12] For Nb 9 (Si,Cr) 5 , the measured composition is close to the stoichiometry of the phase.
In Cr 2 Nb, Si is significantly substituting for Cr. According to Reference 13 up to 26 at. pct of Si can substitute Cr, stabilizing the hexagonal high-temperature modification β-Cr 2 Nb (C14, hP12, P6 3 /mmc) down to ambient temperature. In contrast, the hexagonal, binary β-Cr 2 Nb phase would transform into its cubic low-temperature modification α-Cr 2 Nb (C15, cF24, Fd3m) below 1873 K (1600°C) for the binary Nb-Cr system. [14] The presence of β-Cr 2 Nb in Nb-10.9Si-28.4Cr was additionally confirmed using EBSD; indexed diffraction patterns for all phases present in Nb-10.9Si-28.4Cr are shown in Figure 5 . For the sake of simplicity, Cr 2 Nb will refer to the β-Cr 2 Nb phase in the following. The numbers shown in Figure 2 are matched to the compositions accordingly.
B. Phase Stability
For high-temperature applications, microstructural as well as phase stability at and above service temperature is a crucial requirement. Therefore, the evolution of microstructural parameters such as phase fraction and size was examined after exposure to high temperatures. Besides long-term stability (500 hours) at 1473 K (1200°C ) which may be a potential operation temperature for turbine applications higher temperatures [1573 K and 1773 K (1300°C and 1500°C)] were also considered for shorter periods of time (100 hours). Figure 6 shows the microstructure of Nb-10.9Si-28.4Cr in the as cast state as well as after such heat treatments. It is complemented by Figure 7 which illustrates the corresponding phase fractions and sizes. Compared to the as cast state, homogenization of the microstructure occurs for all heat treatment conditions. The inhomogeneous boundaries of the eutectic cells disappear. Apart from homogenization, the microstructure remains stable for up to 500 hours at 1473 K (1200°C). At 1573 K (1300°C), slight coarsening of the phases is observed. The phase fraction of Nb 9 (Si,Cr) 5 decreases significantly, while the amounts of Nb ss and Cr 2 Nb increase simultaneously and uniformly. Moreover, the silicide phase loses its matrix character. These effects are even more pronounced at 1773 K (1500°C). Hence, the examined alloy undergoes profound morphological changes during heat treatments. Especially, the pronounced decrease of the silicide phase fraction and the simultaneous increase of Nb ss and Cr 2 Nb fractions are worth mentioning. As this effect might result from possible phase transformations, the local chemical composition was checked again after heat treatments. Results subsequent to annealing at 1773 K (1500°C) for 100 hours are shown exemplarily in [15] ). Figure 8 (b) demonstrates that this evolution into α-Nb 5 Si 3 is already active at temperatures as low as 1573 K (1300°C).
Attempts to address this solid-state reaction, e.g., by DSC measurements, were not successful so far. Nevertheless, as the transformation from Nb 9 (Si,Cr) 5 to α-Nb 5 Si 3 coincides with increasing phase fractions of Nb ss and Cr 2 Nb, an eutectoid-like decomposition is conceivable. An eutectoid decomposition is already known from the Nb-Si binary system, where Nb 3 Si decomposes into Nb ss and α-Nb 5 Si 3 at 2036 K (1763°C). [16] However, this solid-state reaction follows very slow kinetics, [17] where a full eutectoid decomposition of Nb 3 Si cannot be achieved even after 1773 K (1500°C) for 500 hours. [18] Hence, the absence of distinct reaction peaks during DSC measurements (not shown here) is not uncommon.
C. Creep properties
For high-temperature applications, considerable slow creep deformation under constant load at homologous temperature T/T m > 0.4, where T m is the melting temperature, is one of the major design criteria for structural applications.
From previous results, the microstructure of the ternary eutectic appears to be stable in terms of phase fraction and size for temperatures up to 1473 K (1200°C ), which might be a potential service temperature. Therefore, compressive creep tests were performed at this temperature on as cast material. The evolution of strain rate in dependence of true plastic strain is shown in Figure 9 (a). As soon as constant true stress was applied, a decrease in strain rate indicates initial strain hardening. This effect is more pronounced with decreasing true stress. The strain rates decrease until a minimum strain rate is reached at about 1 pct true plastic strain, which is similar for all true stresses tested. Immediately following the minimum, the strain rate slowly but continuously increases. Therefore, a stationary or so called "steady state" creep region where a dynamic equilibrium between strain hardening and recovery is established cannot be determined. Instead, a minimum creep rate has been defined at 1 pct plastic strain and is marked with red dots in Figure 9 (a). As true stress is applied in compression throughout the experiments and no significant microstructural changes were observed during creep (not shown here since similar to load-free heat treatment), only internal damage, e.g., cracking within the silicide or along the phase boundaries can cause the observed absence of stationary creep. This has already been reported by Bewlay et al. [19] and Seemueller et al. [20] Even though cracking of the silicide, being still brittle at the temperature tested, is the most likely explanation for the observed effect, no significant damage could be observed, as the total strain achieved was < 2 pct and therefore very small.
The Norton plot in Figure 9 (b) depicts the minimum strain rate with respect to the applied true stress. For comparison, literature values of compressive creep data for monolithic Nb 5 Si 3 [21] (as no literature data for Nb 9 (Si,Cr) 5 is available), Cr 2 Nb [19] and pure Nb [22] were added. Data for Nb-10.9Si-28.4Cr, heat treated at 1773 K (1500°C) for 100 hours, are included as well since this microstructure should be stable at the testing temperature of 1473 K (1200°C) .
Surprisingly, the as-cast condition, which according to Figure 7 has a substantially lower phase size than the heat-treated condition, exhibits the lowest creep rates. An explanation for this effect can be found in the matrix character of the silicide phase Nb 9 (Si,Cr) 5 showing similar results, was already published. [23, 24] On the other hand, a difference in Nb 9 (Si,Cr) 5 creep strength in the present alloy compared to monolithic Nb 5 Si 3 may also explain strain rate variations.
Increased strain rates obtained for heat treated conditions could be attributed to the decreasing fraction of the silicide phase and the loss of its matrix character. This influence of the silicide phase fraction on the creep behavior has already been published in the literature for quaternary Nb-Si-Ti-Hf alloys. [19] The minimum strain rates shown in Figure 9 (b) approach the values of the other phases involved in the microstructure, mainly the ones for Cr 2 Nb. Due to the interpenetrating eutectic character of the microstructure, and since Nb ss has no significant creep resistance at the present stress levels and temperature, the Laves phase Cr 2 Nb carries the major part of load during creep and therefore determines the overall creep resistance of the alloy.
Stress exponents for both material conditions are in the order of magnitude expected for dislocation creep (n = 3-8). Supporting this finding, dislocation climb controlled creep has not only been reported in Nb and Cr 2 Nb at temperatures above 1473 K (1200°C), [25] but also for Nb 3 Si. [26] Hence, the assumption of dislocation creep in the present silicide phase Nb 9 (Si,Cr) 5 seems legitimate, even though no data for this monolithic phase are available.
Finally, the data obtained for Nb-10.9Si-28.4Cr are compared to compressive creep data for other refractory-based silicides, as well as a state of the art Ni-based superalloy tested in tension, from the literature, in a density-normalized Norton plot in Figure 10 , in order to critically assess the potential of the ternary eutectic alloy.
The minimum strain rates for Nb-10.9Si-28.4Cr are comparable with molybdenum silicides Mo-8.6Si-8.7B [27] and Mo-9Si-8B-29Ti [28] in the measurement uncertainty range. When compared to directionally solidified Nb-18Si, [3] the fraction of load-bearing silicide phases is similar (≈ 66 pct for Nb-18Si versus ≈ 68 pct for Nb-10.9Si-28.4Cr). Hence, the strain rate difference of one order of magnitude can be attributed to the phase alignment along the loading direction. Compared to the single-crystal Ni-based superalloy CMSX-4, [29] all refractory-based alloys have up to two orders of magnitude lower strain rates. This is not surprising, as the testing temperature of 1473 K (1200°C) is in the temperature range of γ′ solvus in Ni-based superalloys, which leads to a significant loss of particle strengthening in these alloys.
IV. CONCLUSIONS
The chemical composition of the Nb-rich ternary eutectic in the system Nb-Si-Cr was experimentally determined to be Nb-10.9Si-28.4Cr. The phases present in the as-cast state are Nb ss , β-Cr 2 Nb, and Nb 9 (Si,Cr) 5 , the later forming an interpenetrating matrix. Microstructure and phase stability could be confirmed up to 1473 K (1200°C) for several hundred hours. At this temperature, creep properties are comparable to other refractory-based silicide alloys, dislocation-controlled creep being the predominant mechanism. As compared to CMSX-4, significantly improved creep strength could be observed. However, above 1473 K (1200°C), the Nb 9 (Si,Cr) 5 undergoes a presumably eutectoid-like decomposition into Nb ss , β-Cr 2 Nb, and α-Nb 5 Si 3 . Because of this decomposition, Nb-10.9Si-28.4Cr loses its load-bearing Nb 9 (Si,Cr) 5 matrix, which results in a significant loss of creep strength. Therefore, the temperature limit for structural applications is currently set below 1573 K (1300°C). To overcome this limitation, more profound knowledge of the decomposition process is necessary. So far, employing available analyzing methods (e.g., DSC) could not yield information on both the exact transformation path and the reversibility of the process. Moreover, it has to be clarified, whether Nb 9 (Si,Cr) 5 may possibly be a metastable high-temperature phase. Finding answers to these questions is part of ongoing research. Eventually, ways can be found to suppress either its formation or decomposition. As stated previously, this ternary alloy in theory should exhibit well-balanced creep, oxidation, and fracture toughness properties. However, the two later properties have not been addressed so far and should be thoroughly assessed in future work, to explore the capability and applicability of a ternary eutectic NbSi-Cr alloys. 
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